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(54) Title: HIGH-VOLTAGE CMOS LEVEL SHIFTER 
(57) Abstract 

A high-voltage level shifter includes one or more com- 
plementary NMOS/PMOS series intermediate transistor pairs 
(MP1, MN1) to divide the high-voltage supply range into 
two or more sub-ranges. The level shifter has a differ- 
ential structure with complementary NMOS input transistors 
(MNI, M'NI). Cross-coupled PMOS output transistors (MPO, 
M'PO) provide complementary outputs. The complementary 
NMOS/PMOS scries intermediate transistor pairs separate the 
NMOS input transistor drains from the PMOS output transistor 
drains. In order to divide the high voltage range into h sub- 
ranges, h-1 complementary NMOS/PMOS series intermediate 
transistor pairs are used each being biased by monotonically in- 
creasing fixed intermediate voltages. In a shared-bias embod- 
iment, each complementary NMOS/PMOS series intermediate 
transistor pair is biased by a sin'gie corresponding intermedi- 
ate voltage. In a split-bias embodiment, each complementary 
NMOS/PMOS series intermediate transistor pair is biased by a 
corresponding NMOS bias voltage and a corresponding PMOS 
bias voltage, in which the NMOS bias voltage is higher than the 
PMOS bias voltage by the sum or the NMOS threshold volt- 
age and the PMOS threshold voltage. In another aspect, the 
N-wells of the PMOS transistors are tied to an upwardly verti- 
cally adjacent intermediate voltage in the shared-bias embod- 
iments, and are tied to an upwardly vertically adjacent NMOS 
bias voltage in the split-bias embodiments. In a twin tub em- 
bodiment for very high voltage applications, the P-wells of the 
NMOS transistors are tied to a downwardly vertically adjacent 
intermediate voltage in the shared-bias embodiments, and are 
tied to a downwardly vertically adjacent PMOS bias voltage 
for the split-bias embodiments. 
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1 

HIGH-VOLTAGE CMOS LEVEL SHIFTER 

BACKGROUND OF THE INVENTION 
5 1. FIELD OF THE INVENTION 

The present invention relates to the field of high-voltage CMOS circuits. 
Specifically, the present invention relates to level shifter circuits having complementary low- 
voltage inputs and complementary high voltage outputs. 
2. DISCUSSION OF THE RELATED ART 

1 0 Due to device limitations, the conventional circuits for high-voltage operations 

never switched when the high voltage was present; thus, the circuits were incapable of 
changing state when the high voltage was applied to the circuits. The specific device 
parameters which limit conventional circuits ability to handle high voltage are the oxide 
breakdown voltage, junction breakdown voltage, and the hot switching voltage. 

15 The oxide breakdown voltage is the gate to source or gate to drain voltage at which 

the gate oxide ruptures. The dielectric breakdown strength for Si0 2 is about 8 x,10 5 Volts 
per centimeter. For modern device gate oxide thicknesses of about 150 Angstroms, the 
gate" oxide breakdown voltage is only about 12 Volts. 

The junction breakdown voltage is the level of reverse bias between the drain or 

20 source and the well or substrate at which the reverse-biased diode junction used for 
electrical isolation of the drain or source breaks down due to avalanching or Zener 
behavior. A "donut" transistor's gate partially overlaps its drain, source, or drain and 
source. In operation, a voltage within a specified voltage range is applied to the gate of the 
donut transistor. The presence of the overlying gate in a donut transistor typically reduces 

25 the peak electric field intensity in the depletion regions of the reverse biased diode junction 
from the higher peak electric field intensities which would otherwise exist in the absence 
of the overlying gate. Therefore, the donut transistors are able to sustain a higher level of 
reverse bias between the source or drain and the well or substrate before junction 
breakdown occurs. For typical modern device parameters, the junction breakdown voltage 

30 for a donut transistor having 10 volt gate to substrate voltage is about 15 Volts while the 
junction breakdown voltage for a standard transistor is about 10 Volts. At this gate voltage 
level, as the gate voltage rises, the junction breakdown voltage increases approximately 
linearly with the gate voltage by a factor of about 1.0 times the gate to substrate voltage. 
Hot switching occurs when a transistor changes its conduction state in the 

35 presence of an excessively large drain to source voltage. If the transistor changes from 
OFF to ON, or from ON to OFF, in the presence of a high drain to source voltage, a 
parasitic bipolar transistor may be activated which can damage the device. For modern 
devices, the hot switching drain to source voltage limitation V ns , is about 7 Volts. The hot 
switching drain to source voltage limitation V ns) is dependent upon^ many technological 

40 parameters. 
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Because the 7 volt limitation for avoiding hot switching is the lowest of the three 
limitations described above, the constraint that it presents is the most difficult to satisfy. 

Figure 1 illustrates a conventional low voltage level shifter. There are two 
complimentary inputs IN and /IN and two complementary outputs OUT and /OUT. When 
input IN is high and inverted input /IN is low, the output OUT is driven low by transistor M NI , 
and the inverted output /OUT is driven high by transistor M P0 \ When input IN is low and 
inverted input /IN is high, the inverted output /OUT is pulled low by transistor M NI \ and the 
output OUT is pulled high by transistor M P0 \ When both inputs are low, the switch outputs 
OUT and /OUT maintain their previous state. If the supply voltage V H exceeds the hot 
switching limitation V hs)I then the conventional switch 100 will become unreliable. 

Table 1 below shows the node voltages of the circuit 100 of Figure 1 corresponding 
to the two input states. The source to drain voltage of output transistor M P0 is 12 Volts and 
the drain to source voltage of input transistor M N ," is 12 Volts when the input IN is high and 
the input /IN is low. If the inputs then change states so that IN is low and /IN is high, hot 
switching occurs in transistors M P0 and M NI \ Upon changing input states again, hot 
switching occurs in transistors M P0 ' and M NI . Thus, hot switching occurs in all transistors 
of the circuit 100 of Figure 1 when the supply voltage exceeds the hot switching threshold. 

TABLE 1 





!N>V TNI 


IN<V TNl 


VOLTAGE 


/IN<V™ 


/IN>V™ 


v H 


12 


12 


OUT 


0 


12 


GND 


0 


0 


v H 


12 


12 


/OUT 


12 


0 


GND 


0 


0 



30 



As is apparent from the above discussion, a need exists for a high-voltage CMOS 
level shifter which allows switching to occur during high-voltage operation without violating 
the hot-switching threshold limitation, the junction breakdown limitation, or the oxide 
breakdown limitation. 



35 



SUMMARY OF THE INVENTION 
Conventional high voltage level shifters were not able to switch states while 
operating under the high voltage conditions because the hot switching threshold constraint 
would be violated under these circumstances. The oxide breakdown voltage constraint and 
the junction breakdown voltage constraint also limited the feasible high voltage circuit 
designs. Thus, an object of the present invention is to provide a high voltage level shifter 
which does not violate either the hot switching, the oxide breakdown, or the junction 
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breakdown constraints. Another object of the present invention is to provide a high voltage 
level shifter which minimizes circuit area and switching time. Yet another object of the 
present invention is to provide a high voltage level shifter structure which can be extended 
to accommodate very high supply voltages. 
5 According to the present invention, one or more complementary NMOS/PMOS 

series intermediate transistor pairs separate the output nodes from the input pulldown 
transistors, so that the high supply voltage range V H is separated into several sub-ranges. 
Each complementary NMOS/PMOS series intermediate transistor pair includes one NMOS 
and one PMOS transistor connected in series for each side of the cross-cpupied differential 
10 level shifter structure. This reduces the voltage swings of internal nodes, thereby 
preventing excessive drain to source voltages from occurring and preventing hot-switching 
from occurring. 

In a shared-bias embodiment, the gates of all four transistors in each 
complementary NMOS/PMOS series intermediate transistor pair are biased by a fixed 

15 intermediate voltage. These fixed intermediate voltages represent the boundaries between 
each of the several voltage sub-ranges. Because both the N-type and P-type intermediate 
transistors for a given complementary NMOS/PMOS series intermediate transistor pair are 
biased by the same intermediate voltage, the voltage swings at the sources of the 
complementary NMOS/PMOS series intermediate transistor pair are reduced by the 

20 threshold voltages of the intermediate NMOS and PMOS voltages. If the high voltage 
supply range is divided into h sub-ranges, only h-1 intermediate voltages are required. 

In a split-bias embodiment, two separate intermediate bias voltages are used to 
bias the gates of each complementary NMOS/PMOS series intermediate transistor pair. 
In each complementary NMOS/PMOS series intermediate transistor pair, the two NMOS 

25 transistors 1 gates are biased by a corresponding NMOS bias voltage, and the two PMOS 
transistors' gates are biased by a corresponding PMOS bias voltage. Thus, in order to 
divide the high voltage supply range into h sub-ranges, 2*(h-1) intermediate voltages are 
required according to the split-bias embodiment. For a given complementary 
NMOS/PMOS series intermediate transistor pair, the NMOS bias voltage exceeds the 

30 PMOS bias voltage by two threshold voltages. This allows the maximum voltage swing 
within each sub-range at the sources of each complementary NMOS/PMOS series 
intermediate transistor pair. Because the voltage swings are maximized, the current 
carrying capacity of each NMOS/PMOS series intermediate transistor pair is maximized. 
For a given area, the switching time of the level shifter is minimized. 

35 According to another aspect of the present invention, N-welJs for isolating the 

PMOS intermediate transistors are tied to upwardly vertically adjacent intermediate 
voltages for the shared bias embodiment and are tied to upwardly vertically adjacent 
NMOS bias voltages for the split bias embodiment. In a twin-tub embodiment suitable for 
use in very high voltage applications, the P-wells for isolating the NMOS intermediate 

40 transistors are tied to the downwardly vertically adjacent intermediate voltages for the 
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shared bias embodiment are are tied to downwardly vertically adjacent PMOS bias 
voltages for the split bias embodiment. This control over the bodies of both the NMOS and 
PMOS intermediate transistors minimizes the body effect for all intermediate transistors 
and eliminates the possibility of junction breakdown. 
5 These and other features and advantages of the present invention will be apparent 

from the Figures as fully explained in the Detailed Description of the Invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 
Figure 1 illustrates a conventional low-voltage level shifter having complementary 
10 inputs and differential outputs. 

Figure 2 illustrates a shared-bias embodiment of a high-voltage level shifter 
according to the present invention having two voltage sub-ranges, one complementary 
NMOS/PMOS series intermediate transistor pair, and one intermediate voltage. 

Figure 3 illustrates an NMOS/PMOS series intermediate transistor pair for use in 
15 the shared-bias embodiment of a high-voltage level shifter according to the present 
invention. 

Figure 4 illustrates a shared-bias embodiment of a high-voltage level shifter 
according to the present invention having three voltage sub-ranges, two complementary 
NMOS/PMOS series intermediate transistor pairs, and two intermediate bias voltages. 
20 Figure 5 illustrates an NMOS/PMOS series intermediate transistor pair for use in 

a split-bias embodiment of a high-voltage level shifter according to the present invention. 

Figure 6 illustrates a split-bias embodiment of a high-voltage level shifter according 
to the present invention having three voltage sub-ranges, two complementary 
NMOS/PMOS series intermediate transistor pairs, two NMOS bias voltages, and two 
25 PMOS bias voltages. 

Figure 7 illustrates a twin-tub split-bias embodiment of a high-voltage level shifter 
according to the present invention which minimizes the body effect for all intermediate 
transistors, and which has seven voltage sub-ranges, six complementary NMOS/PMOS 
series intermediate transistor pairs, six NMOS bias voltages, and six PMOS bias voltages. 
30 The Figures are fully explained in the Detailed Description of the Invention. 

DETAILED DESCRIPTION OF THE INVENTION 
conventional high-voltage level shifters were unable to switch states when the high 
voltage supply was present without violating the hot-switching limitation of the technology. 
35 The high voltage level shifter according to the present invention was first invented for 
NAND flash memory applications. NAND flash memory typically requires unusually high 
voltages for programming and erase operations. The high voltage level shifter according 
to the present invention can also be applied to other flash technologies and other high 
voltage circuits. The present invention is particularly well-suited for operation in high- 
40 voltage CMOS circuits. 
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Figure 2 illustrates a simple embodiment 200 of the present invention. In the circuit 
200 according to the present invention, the high supply voltage V h is 12 Volts. The 12 Volt 
V h is divided into two subranges by the intermediate voltage V 1( which is 6 Volts. A pair of 
additional transistors M N1 and M P1 separate the output node OUT from the input transistor 
5 M Nj . Similarly, a pair of additional transistors M N1 ' and M P1 ' separate the inverted output 
node /OUT from the inverting input transistor M NI \ Table 2 below shows the node voltages 
for the circuit 200 of Figure 2 if the absolute value of the threshold voltages for ail 
intermediate transistors M P1 , M N1 , M P1 \ and M N1 ( are equal and are only 1 volt. The voltages 
in each column represent the drain and source voltages of each of the transistors in Figure 
10 2. Therefore, the difference between any two vertically adjacent numbers in Table 2 
represents the source to drain or drain to source voltage of a transistor in Figure 2. 
Because no two vertically adjacent numbers in Table 2 differ by more than 7 Volts, hot 
switching is avoided in the circuit 200 of Figure 2. 



TABLE 2 





IN>V TNI 


IN<V TN , 


VOLTAGE 


/IN<V TNl 


/IN>V TN , 


v H 


12 • 


12 


OUT 


7 


12 


A 


0 


12 


C 


0 


5 


GND 


0 


0 


v H 


12 


12 


/OUT 


12 


7 


B 


12 


0 


D 


5 


0 


GND 


0 


0 



Figure 3 illustrates the circuit structure for separating voltage ranges according to 
the present invention. If node X is being pulled up and node Y is floating at an initial 
voltage V y which is less than V K , then V y can never exceed a V K -V tNK , where V lNK is the 
threshold voltage of NMOS transistor M NKl even if node X is pulled up by a strong device. 
Similarly, if node X is floating, V x can never be pulled lower than V K +V lPK , where V IPK is the 
absolute value of the threshold voltage of PMOS transistor M PKl even if node Y is pulled 
down by a strong device. PMOS transistor M PK will cut off when node Y is pulled low; 
NMOS transistor M NK will, cut off when node X is pulled high. This electrical isolation is 
exactly what is needed to divide the large voltage range V H into two or more smaller voltage 
ranges. The intermediate voltage V K sets the lower limit for the higher voltage node X at 
V K +V<PK and set the upper limit for the lower voltage node Y at V K -V tNK . 

Figure 4 illustrates the extension of the electrical isolation circuit to three different 
voltage subranges to handle a high voltage supply V H of 18 Volts. Two intermediate 



30 



35 
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voltages V, and V 2 are spaced evenly in the, 18 Volt supply range. Thus, V 2 is 12 Volts, 
and V n is 6 Volts. Table 3 below lists the various node voltages for the circuit illustrated in 
Figure 4 in terms of the threshold voltages of the various intermediate transistors. The 
entries in Table 3 are the final node voltages achieved after all transistors have cut off in 
5 response to a change in the inputs. The threshold voltages for intermediate transistors 
M N11 M N1 \ M P1) M P A M^, M N2 \ M P2 , and M P2 are V TN1 , V TN1 \ V TP1> V^', V™ 2 , V™ 2 \ V^, and 
V TP2 \ respectively. 



TABLE 3 





IN = 3V 


IN = OV 


\/OI TAf^P 


/in = ov 


/IN = 3V 


v„ 


V H 


v H 


OUT 


V 2 + V TP2 


v H 


A 




v H 


C 


V+V^ 


v 2 -v TN2 


E 


O 


v 2 -v TN2 


G 


O 


v,-v TN1 


GND 


O 


0 


v„ 


v H 


V H 


/OUT 


v H 


v. + v^ 


B 


V H 


V+V'™ 


D 




V + v TP1 


F 


v.-v^ 


0 


H 




0 


GND 


0 


0 



25 

The node voltages for the side of the level shifter being pull down are determined 
by the cut off of the intermediate PMOS transistors. Similarly, the node voltages for the 
side of the level shifter being pulled up are determined by the cut off of the intermediate 
NMOS transistors. 

30 As long as none of the vertically adjacent voltages in Table 3 are greater than the 

hot-switching limitation, the circuit of Figure 4 operates correctly. However, in modern 
devices the threshold voltages are typically larger than 1 volt. Modern devices have 
threshold voltages of around 1.5 volts. 

In a typical CMOS process, the PMOS transistors are fabricated in an N-type well 

35 which is biased so that the P/N junctions formed by the source/drain regions and the well 
are reverse-biased. This electrically isolates the PMOS transistors. The NMOS transistors 
must also be electrically isolated. However, instead of making a P-type well for the NMOS 
transistors, often the entire substrate is initially formed to be P-type so that NMOS 
transistors can be formed without a well. The P-type substrate is grounded so that N-type 

40 source or drain regions operating at ground or at positive voltages are electrically isolated. 
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The series connection of the transfers in the circuit 400 of Figure 4 causes the 
threshold voltages of the NMOS transistors operating at higher source and drain voltages 
to increase. Under normal conditions when the gate to source voltage of an NMOS 
transistors is greater than the transistor threshold voltage, the depletion layers in the N-type 
5 source and the P-type substrate remain at a constant width and charge carriers are pulled 
into the channel from the source. However, as the level of source to substrate bias 
increases, the width of the channel-substrate depletion layer also increases, resulting in 
an increase in the density of the trapped carriers in the depletion layer. For charge 
neutrality to hold, the channel charge must decrease. The resultant effect is that the 

10 substrate voltage adds to the channel-substrate junction potential. This increases the gate- 
channel voltage drop. The overall effect is an increase in the threshold voltage of the 
device, and is called the body effect. 

As can be seen from Table 3, the NMOS transistors M N2 and M N2 ' operate at 
relatively high voltages, having a minimum source voltage one threshold above V, (6V), 

15 and having a maximum source voltage only one threshold voltage below V 2 (12V). 
Because the substrate is grounded, the body effect increases the threshold voltages V 1N2 
and V tN2 ' of transistors M N2 and M N2 \ For example, in a typical application the threshold 
voltages V tN2 and V^' of transistors M N2 and are about 2.0 Volts due to the body effect, 
and the threshold voltages V lN1 and V tN1 ' of transistors M N1 and M N1 ' are only about 1.5 

20 Volts. 

With these typical threshold values, hot switching occurs in several of the 
transistors. For example, as shown in Table 3, the voltage across transistor M N2 when the 
input IN is low is shown by the difference between the voltages at nodes A and C. If V H is 
18V t V 2 is 12V, and V^ is 2V, then the voltage across transistor M N2 is 8 Volts. If the input 
25 IN is driven high and input /IN is driven low, hot switching will occur in transistor M N2 . In 
order to prevent hot switching from occurring, each voltage subrange must be made 
smaller, so that the maximum voltage V H is only 15 volts, and V, and V 2 are only 5V and 
10V, respectively. 

Furthermore, the area of the circuit in Figure 4 is larger than is necessary because 
30 the voltage swings of the output nodes OUT and /OUT and the internal nodes A, B, C, D, 
E, F, G, and H are limited by the threshold voltages of the intermediate transistors. This 
limits the current carrying capability of the transistors and requires larger transistors to 
accomplish a given switching speed. Specifically, the intermediate nodes C and D have 
minimum and maximum voltages which are defined by the cut off voltages of the 
35 intermediate transistors. These cut off voltages are determined by the intermediate 
transistors' threshold voltages. Node C's minimum and maximum voltages are reduced by 
the threshold voltages of transistors M P1 and M N2 , respectively. Node D's minimum and 
maximum voltages are reduced by the threshold voltages of transistors M P1 * and M N2 \ 
respectively. Because these internal node swings are smaller. The drain to source 
40 current I in the three regions of operation of an MOSFET transistor are given below. 
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8 

0 Vg.-V^O Cutoff, 

1= «(V fl .-V l )V -B -V -B %} 0<V da <V gs -V t Linear 

p/2*(V g9 -V t ) 2 0 < V gs -V t < V ds Saturation 

The linear and saturation regions are the ON regions in which the drain current is 
5 non-zero. In both of these regions, the drain current increases at least linearly with V Ba -V tl 

which is the gate to source voltage minus the threshold voltage V t of the transistor. In 

the linear region, the drain current I is also a strong function of the drain to source voltage 

V ds - 

Table 6 in the column labeled "SHARED BIAS" shows the magnitudes of the drain 

10 to source voltages (V ds ) and the gate to source minus threshold voltages (V gs -V t ) for each 
of the intermediate transistors M N1l M P1 , M^, and M P2 on the pulldown side of the level 
shifter 400 in Figure 4 during a transition of the non-inverting input IN from 0V to 3V. Table 
6 also shows V ds and V gs ~V t for the pull up transistor M P0 ' during this transition. The 
SHARED BIAS column of Table 6 clearly shows that the magnitude of the drain to source 

1 5 voltage V d9 for each transistor contains one negative term which represents the subtraction 
of a threshold voltage. Actually, V ds is pretty much the same and equals V H - V 2 when the 
switch is switching. More importantly, the SHARED BIAS column of Table 6 shows that 
the magnitude of the gate to source minus threshold voltage V gs -V t of each of the 
transistors contains at least one negative term which represents the subtraction of a 

20 threshold voltage. The intermediate transistors and M P1 , which have both their sources 
and their drains connected to other intermediate transistors, have two negative threshold 
voltage terms in their gate to source minus threshold voltage expressions. 

Table 6 is a simplified reference chart for demonstrating the adverse effect of the 
transistor threshold voltages on the switching speed of the circuit 400 of Figure 4 according 

25 to the present invention. The voltages in Table 6 are given assuming that the transistors 
turn on in strong saturation sequentially. This is an approximation which is offered for 
illustration purposes. The actual circuit behavior is somewhat more complicated, but the 
explanation below illustrates the points relevant to the present invention. For example, the 
voltages in Table 6 assume that the circuit 400 of Figure 4 is initially in a state in which the 

30 input IN is at zero volts, and the input /IN is at 3 Volts. The various circuit node voltages 
for this initial state are given in the right hand column of Table 3. Then when the input IN 
is driven high and the inverted input /IN is driven low, input transistor M Nl is turned on in 
strong saturation while input transistor M NJ ' is operate in the linear region. Table 6 assumes 
that transistor M N) fully discharges node G prior to transistor M N1 turning on in strong 

35 saturation. When node G is fully discharged, transistor M NI operates in its linear region, 
providing just enough current to supply transistor M^, which turns on in strong saturation 
under the operating parameters listed in Table 6. After transistor M N1 has discharged node 
E in strong saturation, it operates in the linear region, and transistor M P1 turns on in strong 
saturation. After PMOS transistor M P1 discharges node C, it reaches the boundary 

40 between saturation and cut off. Transistors M N2 and M P2 are also sequentially turned on 
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in strong saturation before reaching linear operation and the boundary between strong 
saturation and cut off, respectively. Thus, Table 6 assumes that initially all transistors are 
either in cut off or linear operation. Furthermore, Table 6 assumes that only one pulldown 
device is operating in strong saturation at any given time. The transistors turn on in strong 
5 saturation in the following order in response to the low to high transition of non-inverting 
input IN: M Nh M N1 , M N2 , M P2 , M PO ' (linear), M P2 \ M N2 \ M P1 \ M N1 \ and M N ,\ The cross- 
coupled pull up transistors M P0 and M P0 ' are turned on simultaneously. All of the above 
transistors must turn on in strong saturation in the order listed above in response to a 
transition of input IN from OV to 3V. Each transistor, after operating in strong saturation, 

10 then reaches a point at which it operates either in the linear region with essentially no drain 
to source voltage or at the boundary between cut off and saturation, at which V gs -V l =0. 
NMOS transistors which have just pulled their drains down and PMOS transistors which 
have just pulled their drains up operate in the linear region with small V ds . NMOS 
transistors which have just pulled their source up and PMOS transistors which have just 

15 pulled their source down operate at the boundary between cut off and saturation with small 
Vgs-Vf Thus, in the example above when IN goes high, transistors M N|1 M N1 , M N2l M P2 \ and 
M P1 \ after operating in strong saturation, operate in the linear region; transistors M P1 , M P2 , 
M N2 \ and M N1 ' operate at the boundary between cut off and saturation after operating in 
strong saturation. The time required for a transistor to turn on in strong saturation and then 

20 reach either minimal or minimal V QS -V t is the switching time for that transistor. The total 
latency of the level shifter changing states is then defined as the sum of the switching times 
of all the transistors, because all of the transistors switch sequentially. Thus, the total 
latency through both chains of transistors determines the maximum operating frequency 
of the level shifter. 

25 Table 6 shows the initial conditions as each transistor turns on assuming that the 

transistors turn on sequentially as discussed above. The primed corresponding transistors 
are not listed in Table 6 because the initial conditions are the same as for the 
corresponding non-primed transistor. For example, the V^-Vt entry for transistor M^' would 
be V 2 -V 1 -V TP1 , -V TN2 , I which is exactly correspondent to the conditions for transistor M N2 . 

30 The above-described sequential turn on scenario is actually an approximation for 

the way the circuit actually operates, and is offered for explanation and illustration 
purposes. It is true that the transistors turn on in the order described above. It is also true 
that the transistors turn off in the order described above after the final node voltages are 
reached in response to a change in the input However, typically several transistors 

35 (sometimes all of the transistors) are ON in strong saturation simultaneously. Furthermore, 
the drain to source and gate to source minus threshold voltages are not as high as shown 
in Table 6 when each of the transistors turns on in strong saturation. For example, 
intermediate transistor M N1 turns on before input transistor M N( has fully discharged node 
G; therefore the drain to source and gate to source voltages of transistor M N1 never are 
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quite as high as shown in Table 6. However, Table 6 illustrates that the current drive 
strength of each transistor is limited by the intermediate transistors' threshold voltages. 

The current carrying capability of each transistor determines how quickly it can 
discharge each of the capacitances at the intermediate nodes. Because the current 
5 carrying capabilities of the transistors in Figure 5 are reduced by the intermediate 
transistors' threshold voltages, in order to meet a minimum switching speed, the sizes of 
the transistors must be increased. Of course, as the sizes of the transistors are increased, 
the intermediate node capacitances also increase, thus requiring even larger transistors. 
These factors tend to yield a large area for the circuit 400 of Figure 4 for a given switching 

10 speed. In addition, the maximum, achievable switching speed is reduced. 

Figure 5 illustrates a pair of intermediate transistors according to an aspect of a 
split bias embodiment of the present invention. The difference between the split bias 
intermediate transistor pair of Figure 5 and the shared bias intermediate transistor pair of 
Figure 3 is in the bias voltages of the gates. In the split bias intermediate transistor pair, 

15 separate voltages are used to bias the gates of the PMOS and NMOS intermediate 
transistors. Specifically, the gate of the PMOS transistor M P * is biased at a lower voltage 
than the gate of the NMOS transistor M NK . The PMOS transistor is biased at the 
intermediate voltage V K minus its threshold voltage V TPK . Similarly, the NMOS transistor 
is biased at the intermediate voltage V K plus its threshold voltage V TNK . Using this 

20 intermediate transistor pair, the minimum voltage at node X is V Kf and the maximum 
voltage at node Y is V K . The ill effects of the transistors' threshold voltages are 
counteracted. Each voltage sub-range is fully usable with the split-bias transistor pair. 

Figure 6 illustrates a split bias embodiment 600 of the present invention using the 
split bias intermediate transistor pairs. In the embodiment 600 illustrated in Figure 6, 

25 separate voltages are used to bias the gates of NMOS and PMOS intermediate transistors. 
Table 4 below shows the intermediate node voltages for the embodiment 600 of Figure 6. 
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IN > V TN1 


IN < V TNI 


VOLTAGE 


/IN<V TN , 


/IN > V TN , 


V H 


V H 


V h 


OUT 


v P2 + v TP2 


V h 


A 


v P1 + v m 


V h 


C 


v P1 +v TP1 


v N2 -v TN2 


E 


0 


v N2 -v TN2 


G 


0 


v N1 -v TN1 


GND 


0 


0 


V H 


v H 


V H 


/OUT 


V H 


v P2 + v^ 


B 


V h 


V P1 + Vtpi 


D 


v N2 -v TN2 


V p1 + Vtp, 


F 


v N2 -v TN2 


0 


H 


v N1 -v TN1 


0 


GND 


0 


! 0 



In the preferred embodiment of the present invention, the intermediate nodes are 
20 biased so as to exactly counteract the effects of the transistor threshold voltages. However 
there is no requirement that these exact biases be used. For example, it may under certain 
circumstances be particularly easy to generate certain split bias voltages which differ from 
the intermediate voltages by less than the threshold voltages of the intermediate 
transistors. This achieves some of the benefit of using split-biasing without fully realizing 
25 the potential of the split-bias embodiment. Therefore, it is to be understood that the split 
bias embodiment of the present invention includes biasing the intermediate transistor pairs 
by two separate voltages which differ by any arbitrary amount up to and including the sum 
of the intermediate transistor thresholds. 

The primed and non-primed transistors are all assumed to have the same 
30 threshold voltages. For example, V^W^'. If V H = 18V, V 2 = 12V, V, = 6V, 
V TN1 =V TP1 =V TP2 =1.5V 1 and V TN2 =2V, then the following values are ideally used to bias the 
intermediate transistors according to the preferred embodiment of the present invention. 
V N1 = V 1 + V TN1 = 7.5V 
Vp^V.-Vtp^ASV 
35 V N2 = V 2 + V TN2 = 14V 

V P2 = V 2 -V TP2 = 10.5V 

Table 5 below shows the intermediate and output node voltages for the preferred 
split-bias embodiment 600 illustrated in Figure 6. The output node voltage swings shown 
in Table 5 for the preferred split-bias embodiment 600 illustrated in Figure 6 are larger than 
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in the embodiment 400 illustrated in Figure 4 and described in Table 3. No threshold 
voltages enter into the intermediate node voltage expressions in Table 5. 

TABLE 5 





IN = 3V 


IN = OV v 


VOLTAGE 


/IN = 0V 


/IN = 3V 


v H 


v„ 


v H 


OUT 




v H 


A 


v, 


v H 


C 


v, 


v 2 


E 


O 


v 2 


G 


O 


v, 


GND 


O 


0 


v H 


v H 


v„ 


/OUT 


v H 


v 2 


B 




v, 


D 


v 2 


v, 


F 


v 2 


0 


H 


v, 


0 


GND 


0 


0 



20 

The SPLIT BIAS column of Table 6 below shows the drain to source and gate to 
source minus threshold voltages for the intermediate transistors of the split-bias 
embodiment 600 of Figure 6. The same assumptions as stated above with regard to the 
SHARED BIAS column apply to the SPLIT BIAS column of Table 6. Specifically, the 
25 transistors are assumed to switch sequentially, and it is assumed that only one of the 
transistors is ON at any given time. As discussed above, these approximations are made 
for the sake of illustration, and are acknowledged to be simplifications of the actual circuit 
behavior. 



WO 98/35444 



PCT/US98/01298 



13 

TABLE 6 



15 





SHARED BIAS 


SPLIT BIAS 


DIFFERENCE 


KA* 








N/J 




v H -v 2 


VtP2 


lv„, - v T I 


V H - V, - V TP , - V TPO 
















v„-v,-v TP1 


v H -v, 




k/ r , - v T I 


v„ - V, - V TB , 


v u -v, 


v Te , 










k/ I 


V H - V 1 - V TP1 


V - V 
v H - v 1 


V/ 

V TP1 






v ? -v, 


y TB , + v TM , 


Mr, 










v 2 -v TN2 


v 2 


v TN2 | 




v ? -v,-v TN? -v TP1 


v,-v, 


V TN , + V XP1 












v 2 -v TN2 


v 2 


v TN2 




v,-v TM , 


v. 





The DIFFERENCE column of Table 6 shows the increase in the magnitude of the 

20 drain to source voltage V ds and increase in the gate to source minus threshold voltage V gs - 
V t of the intermediate transistors which results when implementing the split bias 
embodiment rather than the shared bias embodiment of the present invention. These 
increases shown in the DIFFERENCE column of Table 6 demonstrate the increased 
current carrying capabilities of the transistors of the split bias embodiment when substituted 

25 into the MOSFET equations given above. Because each transistor is turned on more fully 
in the split bias embodiment, the pulldown transistors charge and discharge the 
intermediate and output nodes much more quickly, leading to a lower total latency of the 
node voltage transitions which must occur for the level shifter to change states. Therefore, 
to achieve a given operating frequency, the split-bias high voltage level shifter according 

30 to the present invention uses a smaller circuit area than the shared bias level shifter 
embodiment of the present invention. 

Generally, dividing the high voltage range VH into two or more equally sized sub- 
ranges is a simple and effective approach according to the present invention. However, 
there is no requirement according to the present invention that the size of the sub-ranges 

35 be equal. In other words, in the embodiment of Figure 4, there is no requirement according 
to the present invention that V H -V 2 = V 2 -Vj = V,. 

The number of sub-ranges according to the present invention may be extended to 
accommodate very high voltages. For example, using 6 volt sub-ranges, the number of 
sub-ranges may be increased to four to accommodate a 24 volt V H . A straight-forward 

40 extension of the use of intermediate transistor pairs according to the present invention 
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prevents violation of the hot-switching limitation. However, when extending the number of 
sub-ranges so as to accommodate very high voltages, care must be taken to insure that 
the junction breakdown voltage is not exceeded for the NMOS transistors. In the 
embodiments of Figures 4 and 6, the NMOS transistors are fabricated on a grounded P- 
5 type substrate. As higher supply voltages V H are used, the sources and drains of the 
intermediate NMOS transistors near the cross-coupled PMOS output transistors are 
maintained at higher voltages relative to ground. 

Figure 7 illustrates a twin-tub embodiment of the present invention which minimizes 
the body effect in the intermediate transistors and which is suitable for use in very high 

10 voltage applications. The junction breakdown voltage of an NMOS transistor biased by a 
fixed gate voltage and having its body tied to ground is roughly proportional to that fixed 
gate voltage by a factor of about 0.7. Thus, the gated diode breakdown voltage of a MOS 
transistor increases as the gate voltage increases. However at very high voltages, the 
junction breakdown constraint for NMOS devices having bodies tied to ground may be 

15 exceeded. By isolating the NMOS transistors in P-type wells, the bodies of the NMOS 
transistors can be tied to voltages which minimize the body effect with respect to those 
NMOS transistors. For example, the NMOS transistors M N7 and M N7 ' in Figure 7 have their 
bodies tied to the downwardly vertically adjacent PMOS bias voltage V P6 . Similar to the 
previous embodiments, the PMOS transistors have their bodies tied to the upwardly 

20 vertically adjacent NMOS bias voltages. The PMOS transistors having no upwardly 
vertically adjacent NMOS bias voltage are the highest intermediate transistors M P7 and M P7 ' 
in Figure 7; these PMOS transistors have their bodies tied to V H , the high supply voltage. 
Similarly, the NMOS transistors having no downwardly vertically adjacent PMOS bias 
voltage are the intermediate transistors M N1 and M N1 # ; these NMOS transistors have their 

25 bodies tied to the ground supply voltage. 

Because the source/drain to body voltage for the intermediate NMOS transistors 
in Figure 7 are reduced, the body effect is reduced especially for the higher voltage NMOS 
transistors. For example, in the single-tub split-bias embodiment 600 in Figure 6, NMOS 
transistors M^ and M,^' have threshold voltages of about 2.0 Volts due to the body effect 

30 while transistors M N1 and M N1 * have threshold voltages of only about 1.5 Volts. In contrast, 
in the twin-tub split-bias embodiment 700 illustrated in Figure 7, the NMOS transistors M N2 
and M N2 ' have threshold voltages of only about 1.5 Volts. More importantly, the higher 
voltage NMOS transistors (M N3 , M N3 \ M N4l M M4 \ M N5 , M N5 \ M N6l M N8 \ M N7 , and M N7 '), have 
essentially no body effect component to their threshold voltages and do not violate the 

35 junction breakdown voltage constraint. 

Each set of four transistors, for example, M N1 , M N /, M P1 , and M P1 \ constitute a 
complementary NMOS/PMOS series intermediate transistor pair. Ail of the intermediate 
transistors taken as a whole (M N1 -M N7l M N1 '-M N7 \ M P1 -M P7 , and M^'-Mp/ connected as 
shown in Figure 7) constitute a plurality of complementary NMOS/PMOS series 

40 intermediate transistor pairs connected in series. Referring to the example in Figure 7, the 
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NMOS non-inverted intermediate source of the plurality is the source of M N1 ; the NMOS 
inverted intermediate source of the plurality is the source of M N1 '; the PMOS non-inverted 
intermediate source of the plurality is the source of M P7 ; and the PMOS inverted 
intermediate source of the plurality is the source of M p /. Each complementary 
5 NMOS/PMOS series intermediate transistor pair has an inverted NMOS gate, a non- 
inverted NMOS gate, an inverted PMOS gate, and a non-inverted PMOS gate. For the 
complementary NMOS/PMOS series intermediate transistor pair consisting of transistors 
M N1l M N1 \ M P1 , and M P1 \ the inverted NMOS gate is the gate of M N1 '; the non-inverted 
NMOS gate is the gate of M N1 ; the inverted PMOS gate is the gate of M P1 '; and the non- 
10 inverted PMOS gate is the gate of M P1 . 

In the shared-bias embodiments such as illustrated in Figure 4, the plurality of 
complementary NMOS/PMOS series intermediate transistor pairs has a corresponding 
plurality of intermediate voltages. For the example in Figure 4, the intermediate voltages 
V 1 and V 2 correspond to the two complementary NMOS/PMOS series intermediate 
15 transistor pairs. V, corresponds to the complementary NMOS/PMOS series intermediate 
transistor pair consisting of transistors M N1 , M N1 \ M P1I and Mp/, while V 2 corresponds to the 
complementary NMOS/PMOS series intermediate transistor pair consisting of transistors 
M N2. Mn2. m p2. an d Mpj 1 . The intermediate voltages are monotonicaliy increasing along the 
plurality of complementary NMOS/PMOS series intermediate transistor pairs because V 2 
20 is greater than V,. 

In the split-bias embodiments such as illustrated in Figures 6 and 7, a plurality of 
NMOS bias voltages and a plurality of PMOS bias voltages correspond to the plurality of 
complementary NMOS/PMOS series intermediate transistor pairs. In other words, each 
complementary NMOS/PMOS series intermediate transistor pair has both an NMOS bias 
25 voltage and a PMOS bias voltage which corresponds to it. In Figure 6, the NMOS bias 
voltage V N1 and the PMOS bias voltage V P1 correspond to the complementary 
NMOS/PMOS series intermediate transistor pair consisting of transistors M N1 , M N1 \ M P1 , 
and Mp/. 

In all of the embodiments of the present invention, the intermediate voltages are 
30 connected only to the gates or to the gates and wells of the intermediate transistors. The 
gates of MOS transistors conduct no static current, and the wells are isolated by reverse- 
biased diode junctions which conduct negligible static leakage current. Because the total 
current which must be supplied by the intermediate voltages is negligible, a simple voltage 
divider can be used to generate the intermediate voltages from the high voltage. High 
35 resistances can be used in the voltage divider so that very little power is sourced from the 
high voltage supply. 

Although the N-wells of the PMOS intermediate transistors are biased using other 
intermediate voltages in order to minimize the body effect for the PMOS transistors, there 
is no requirement according to the present invention that intermediate voltages be used. 
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For example, the high voltage V H can be used to bias all N-wells at the expense of 
increased body effect for the lower voltage PMOS intermediate transistors. 

Although the voltage sub-ranges have been described and illustrated as being 
equal to each other, there is no requirement according to the present invention that the 
5 sub-ranges be equal in voltage. For example, a 16 volt high voltage range could be 
separated into two 5 volt sub-ranges and one 6 volt sub-range rather than three 5-and-1/3 
volt sub-ranges. 

While the present invention has been described in conjunction with several 
alternative embodiments, these embodiments are offered by way of illustration rather than 
10 by way of limitation. Those skilled in the art will be enabled by this disclosure to make 
various modifications and alterations to the embodiments described without departing from 
the spirit and scope of the present invention. Accordingly, these modifications and 
alterations are deemed to lie within the spirit and scope of the present invention as 
specified by the appended claims. 
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WHAT IS CLAIMED IS: 

1. A high-voltage level shifter, comprising: 

an NMOS non-inverted input transistor having a source, drain, and gate; 
5 an NMOS inverted input transistor having a source, drain, and gate; 

a first NMOS non-inverted intermediate transistor having a source, drain, and gate; 
a first PMOS non-inverted intermediate transistor having a source, drain, and gate; 
a first NMOS inverted intermediate transistor having a source, drain, and gate; and 
a first PMOS inverted intermediate transistor having a source, drain, and gate; 
10 wherein the NMOS non-inverted input transistor drain is coupled to the first NMOS 

non-inverted intermediate transistor source; wherein the first NMOS non-inverted 
intermediate transistor drain is coupled to the first PMOS non-inverted intermediate 
transistor drain; wherein the NMOS inverted input transistor drain is coupled to the first 
NMOS inverted intermediate transistor source; wherein the first NMOS inverted 
15 intermediate transistor drain is coupled to the first PMOS inverted intermediate transistor 
drain; 

wherein the first NMOS non-inverted intermediate transistor gate, the first PMOS 
non-inverted intermediate transistor gate, the first NMOS inverted intermediate transistor 
gate, and the first PMOS inverted intermediate transistor gate are coupled to a first 
20 intermediate voltage that is lower than a high positive supply voltage. 

2. A high-voltage level shifter as in claim 1, further comprising: 

a PMOS non-inverted output transistor having a source, drain, and gate; and 
a PMOS inverted output transistor having a source, drain, and gate; 
25 wherein the PMOS non-inverted output transistor drain is coupled to the first 

PMOS non-inverted intermediate transistor source; wherein the PMOS inverted output 
transistor drain is coupled to the first PMOS inverted intermediate transistor source. 

3. A high-voltage level shifter as in claim 2, 

30 wherein the PMOS non-inverted output drain is coupled to the PMOS inverted 

output gate; and wherein the PMOS inverted output drain is coupled to the PMOS non- 
inverted output gate. 

4. A high-voltage level shifter as in claim 3, 

35 wherein the PMOS non-inverted output source and the PMOS inverted output 

source are coupled to the high positive supply voltage. 

5. A high-voltage level shifter as in claim 2, 

wherein the NMOS non-inverted input source and the NMOS inverted input source 
40 are coupled to a ground supply voltage. 
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6. A high-voltage level shifter as in claim 2, 

wherein a non-inverted input is coupled to the NMOS non-inverted input gate; 
wherein an inverted input is coupled to the NMOS inverted input gate; wherein a non- 
inverted output is coupled to the non-inverted output transistor drain; and wherein an 
5 inverted output is coupled to the inverted output transistor drain. 

7. A high-voltage level shifter as in claim 1 , further comprising: 

a second NMOS non-inverted intermediate transistor having a source, drain, and 

gate; 

10 a second PMOS non-inverted intermediate transistor having a source, drain, and 

gate; 

a second NMOS inverted intermediate transistor having a source, drain, and gate; 

and 

a second PMOS inverted intermediate transistor having a source, drain, and gate; 

1 5 wherein the second NMOS non-inverted intermediate transistor source is coupled 

to the first PMOS non-inverted intermediate transistor source; wherein the second NMOS 
inverted intermediate transistor source is coupled to the first PMOS inverted intermediate 
transistor source; wherein the second PMOS non-inverted intermediate transistor drain is 
coupled to the second NMOS non-inverted transistor drain; wherein the second PMOS 

20 inverted intermediate transistor drain is coupled to the second NMOS inverted transistor 
drain; and wherein the second NMOS non-inverted intermediate transistor gate, the second 
PMOS non-inverted intermediate transistor gate, the second NMOS inverted intermediate 
transistor gate, and the second PMOS inverted intermediate transistor gate are coupled 
, to a second intermediate voltage that is higher than the first intermediate voltage and lower 

25 than the high positive supply voltage. 

8. A high-voltage level shifter as in claim 7, further comprising: 

a PMOS non-inverted output transistor having a source, drain, and gate; and 
a PMOS inverted output transistor having a source, drain, and gate; 
30 wherein the PMOS non-inverted output transistor drain is coupled to the second 

PMOS non-inverted intermediate transistor source; wherein the PMOS inverted output 
transistor drain is coupled to the second PMOS inverted intermediate transistor source. 

9. A high-voltage level shifter as in claim 8, 

35 wherein the second intermediate voltage is coupled to a first PMOS non-inverted 

intermediate transistor's body and a first PMOS inverted intermediate transistor's body. 



40 



10. 



A high-voltage level shifter, comprising: 

an NMOS non-inverted input transistor having a source, drain, and gate; 
an NMOS inverted input transistor having a source, drain, and gate; 
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a first NMOS non-inverted intermediate transistor having a source, drain, and gs:e; 

a first PMOS non-inverted intermediate transistor having a source, drain, and gate; 

a first NMOS inverted intermediate transistor having a source, drain, and gate; and 

a first PMOS inverted intermediate transistor having a source, drain, and gate; 
5 wherein the NMOS non-inverted input transistor drain is coupled to the first NMOS 

non-inverted intermediate transistor source; wherein the first NMOS non-inverted 
intermediate transistor drain is coupled to the first PMOS non-inverted intermediate 
transistor drain; wherein the NMOS inverted input transistor drain is coupled to the first 
NMOS inverted intermediate transistor source; wherein the first NMOS inverted 
10 intermediate transistor drain is coupled to the first PMOS inverted intermediate transistor 
drain; 

wherein the first NMOS non-inverted intermediate transistor gate and the first 
NMOS inverted intermediate transistor gate are coupled to a first n-bias intermediate 
voltage; wherein the first PMOS non-inverted intermediate transistor gate and the first 
15 PMOS inverted intermediate transistor gate are coupled to a first p-bias intermediate 
voltage; 

wherein the first n-bias intermediate voltage is higher than the first p-bias 
intermediate voltage; wherein both the first n-bias and the first p-bias intermediate voltages 
are lower than a high positive supply voltage. 

20 

11. A high-voltage level shifter as in claim 10, further comprising: 

a PMOS non-inverted output transistor having a source, drain, and gate; and 
a PMOS inverted output transistor having a source, drain, and gate; 
wherein the PMOS non-inverted output transistor drain is coupled to the first 
25 PMOS non-inverted intermediate transistor source; wherein the PMOS inverted output 

transistor drain is coupled to the first PMOS inverted intermediate transistor source. 
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12. A high-voltage level shifter as in claim 11, 

wherein the PMOS non-inverted output drain is coupled to the PMOS inverted 
output gate; and wherein the PMOS inverted output drain is coupled to the PMOS non- 
inverted output gate. 

5 

13. A high-voltage level shifter as in claim 1 2, 

wherein the PMOS non-inverted output source and the PMOS inverted output 
source are coupled to the high positive supply voltage. 

10 14. A high-voltage level shifteras in claim 11, 

wherein the NMOS non-inverted input source and the NMOS inverted input source 
are coupled to a ground supply voltage. 

15. A high-voltage level shifter as in claim 11, 
15 wherein a non-inverted input is coupled to the NMOS non-inverted input gate; 

wherein an inverted input is coupled to the NMOS inverted input gate; wherein a non- 
inverted output is coupled to the non-inverted output transistor drain; and wherein an 
inverted output is coupled to the inverted output transistor drain. 

20 16. A high-voltage level shifter as in claim 10, further comprising: 

a second NMOS non-inverted intermediate transistor having a source, drain, and 

gate; 

a second PMOS non-inverted intermediate transistor having a source, drain, and 

gate; 

25 a second NMOS inverted intermediate transistor having a source, drain, and gate; 

and 

a second PMOS inverted intermediate transistor having a source, drain, and gate; 
wherein the second NMOS non-inverted intermediate transistor source is coupled 
to the first PMOS non-inverted intermediate transistor source; wherein the second NMOS 
30 inverted intermediate transistor source is coupled to the first PMOS inverted intermediate 
transistor source; wherein the second PMOS non-inverted intermediate transistor drain is 
coupled to the second NMOS non-inverted transistor drain; wherein the second PMOS 
inverted intermediate transistor drain is coupled to the second NMOS inverted transistor 
drain; 

35 wherein the second NMOS non-inverted intermediate transistor gate and the 

second NMOS inverted intermediate transistor gate are coupled to a second n-bias 
intermediate voltage; wherein the second PMOS non-inverted intermediate transistor gate 
and the second PMOS inverted intermediate transistor gate are coupled to a second p-bias 
intermediate voltage; . 
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wherein the second n-bias intermediate voltage is higher than the second p-bias 
intermediate voltage; wherein both the second n-bias intermediate voltage and the second 
p-bias intermediate voltage are higher than the first n-bias intermediate voltage and first 
p-bias intermediate voltage; and wherein both the second n-bias intermediate voltage and 
5 the second p-bias intermediate voltage are lower than the high positive supply voltage. 

17. A high-voltage level shifter as in claim 16, further comprising: 

a PMOS non-inverted output transistor having a source, drain, and gate; and 
a PMOS inverted output transistor having a source, drain, and gate; 
1 0 wherein the PMOS non-inverted output transistor drain is coupled to the second 

PMOS non-inverted intermediate transistor source; wherein the PMOS inverted output 
transistor drain is coupled to the second PMOS inverted Intermediate transistor source. 

18. A high-voltage level shifter as in claim 17, 

15 wherein the second n-bias intermediate voltage is coupled to a first PMOS non- 

inverted intermediate transistor's body and a first PMOS inverted intermediate transistor's 
body. 

19. A high-voltage level shifter, comprising: 

20 an NMOS non-inverted input transistor having a source, drain, and gate; 

an NMOS inverted input transistor having a source, drain, and gate; 
a plurality of complementary NMOS/PMOS series intermediate transistor pairs 
connected in series, such that the plurality has an NMOS non-inverted intermediate source, 
an NMOS inverted intermediate source, a PMOS non-inverted intermediate source, a 
25 PMOS inverted intermediate source, wherein each complementary NMOS/PMOS series 
intermediate transistor pair in the plurality has a non-inverted NMOS gate, a non-inverted 
PMOS gate, an inverted NMOS gate, and an inverted PMOS gate; 

wherein the NMOS non-inverted input transistor drain is coupled to the NMOS non- 
inverted intermediate source; wherein the NMOS inverted input transistor drain is coupled 
30 to the NMOS inverted intermediate source; 

wherein the non-inverted NMOS gate and the inverted NMOS gate in each 
complementary NMOS/PMOS series intermediate transistor pair are coupled to a 
corresponding NMOS bias voltage; wherein the non-inverted PMOS gate and the inverted 
PMOS gate in each complementary NMOS/PMOS series intermediate transistor pair are 
35 coupled to a corresponding PMOS bias voltage. 



20. 



A high-voltage level shifter as in claim 19, further comprising: 

a PMOS non-inverted output transistor having a source, dram, and gate; and 

a PMOS inverted output transistor having a source, drain, and gate; 
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wherein the PMOS non-inverted output transistor drain is coupled to the PMOS 
non-inverted intermediate source; wherein the PMOS inverted output transistor drain is 
coupled to the PMOS inverted intermediate source; 

wherein the PMOS non-inverted output drain is coupled to the PMOS inverted 
5 output gate; and wherein the PMOS inverted output drain is coupled to the PMOS non- 
inverted output gate. 

21 . A high-voltage level shifter as in claim 20, 

wherein the PMOS non-inverted output source and the PMOS inverted output 
10 source are coupled to the high positive supply voltage; and 

wherein the NMOS non-inverted input source and the NMOS inverted input source 
are coupled to a ground supply voltage. 

22. A high-voltage level shifter as in claim 20, 

15 wherein a non-inverted input is coupled to the NMOS non-inverted input gate; 

wherein an inverted input is coupled to the NMOS inverted input gate; wherein a non- 
inverted output is coupled to the non-inverted output transistor drain; and wherein an 
inverted output is coupled to the inverted output transistor drain. 

20 23. A high-voltage level shifter as in claim 19, 

wherein a plurality of intermediate voltages corresponding to the plurality of 
complementary NMOS/PMOS series intermediate transistor pairs bias the non-inverted 
NMOS gate, the inverted NMOS gate, the non-inverted PMOS gate, and the inverted 
PMOS gate of the corresponding complementary NMOS/PMOS series intermediate 

25 transistor pair. 

24. A high-voltage level shifter as in claim 23, 

wherein the intermediate voltages in the plurality of intermediate voltages are 
monotonicaily increasing along the plurality of complementary NMOS/PMOS series 
30 intermediate transistor pairs. 
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25. A high-voltage level shifter as in claim 19, 

wherein a plurality of intermediate NMOS bias voltages corresponding to the 
plurality of complementary NMOS/PMOS series intermediate transistor pairs bias the non- 
inverted NMOS gate and the inverted NMOS gate, and wherein a plurality of intermediate 
5 PMOS bias voltages corresponding to the plurality of complementary NMOS/PMOS series 
intermediate transistor pairs bias the non-inverted PMOS gate and the inverted PMOS 
gate. 

26. A high-voltage level shifter as in claim 25, 

1 0 wherein, for each complementary NMOS/PMOS series intermediate transistor pair, 

the NMOS bias voltage is higher than the'PMOS bias voltage. 

27. A high-voltage level shifter as in claim 26, 

wherein, for each complementary NMOS/PMOS series intermediate transistor pair, 
15 the NMOS bias voltage is greater than the PMOS bias voltage by an N-type transistor 
threshold plus a P-type transistor threshold voltage. 

28. A high-voltage level shifter as in claim 27, 

wherein the intermediate NMOS bias voltages in the plurality of intermediate 
20 NMOS bias voltages and the intermediate PMOS bias voltages in the plurality of 
intermediate PMOS bias voltages are monotonically increasing along the plurality of 
complementary NMOS/PMOS series intermediate transistor pairs. 

29. A high-voltage level shifter as in claim 19, 

25 wherein each complementary NMOS/PMOS series intermediate transistor pair 

having a higher-voltage vertically adjacent NMOS/PMOS series intermediate transistor pair 
includes a P-body which is connected to an upwardly vertically adjacent NMOS bias 
voltage. 

30 30. A high-voltage level shifter as in claim 29, 

wherein each complementary NMOS/PMOS series intermediate transistor pair 
having a lower-voltage vertically adjacent NMOS/PMOS series intermediate transistor pair 
includes an N-body which is connected to a downwardly vertically adjacent PMOS bias 
voltage. 
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